Abstract-The capacitance method is one of the commonly-used methods for measuring the moisture content of green sand. However, due to the influence of the plate structure, the contact resistance and the parasitic capacitance and so on, there is a big non-linear problem. On the basis of briefly introducing the principle of measuring the moisture content by capacitance method, the nonlinearity of capacitance moisture sensor is analyzed theoretically, and the higher-order harmonics are taken as main reasons. Then, the influencing factors causing the nonlinearity are discussed. Finally, In order to reduce the nonlinear influence, a method for the nonlinear compensation based on the least square is provided and the experiments are performed. The experimental results show that it has good linearity between the input and output of the sensor, and the error is less than 2.0% after nonlinear compensation.
INTRODUCTION
Green sand casting is an important and main kind of casting method because of the simple process, low cost and high productivity [1] . The performance stability of green sand directly affects the quality of the castings and production costs. Therefore, the measurement and control of green sand quality has been an important research topic in the foundry industry. The moisture content is one of key components that determined the main performance of green sand. Currently, there are many methods for measuring the moisture content of green sand [2, 3] , and the capacitance method has been widely used for online measurement [4] . So, many researches have been performed and some available results have been achieved. Generally, in these results an alternating electric field is applied to the green sand sample, and the moisture content can be calculated indirectly by measuring the voltage of the sample. However, due to the influence of the plate structure, contact resistance and parasitic capacitance [5] , it is hard to keep the linear relationship between the capacitance and the voltage of the measured sample in the whole range. Therefore, this nonlinear relationship seriously reduces the measurement accuracy of capacitance method.
On the basis of introducing the principle of the capacitance method measuring the moisture content, the nonlinearity between the capacitance and the voltage is theoretically analyzed, and the responding factors of influencing the nonlinearity are given. Then, based on the based on the least square method, a method for reducing the nonlinearity of the capacitance moisture sensor is provided and the experimental validation is done. This provides a foundation for further improving the accuracy that the moisture content is measured by the capacitance method.
II. PRINCIPLE OF MEASURING MOISTURE CONTENT OF GREEN SAND BY CAPACITANCE METHOD
Green sand is a mixture composed of the quartz sand, clay, water, coal powder and other additives. Among these components, the dielectric constant of dry matters is 2-4 while the dielectric constant of water is about 80 [6] . Thus, the small change of the moisture content is bound to cause the corresponding change of the dielectric constant of green sand. The higher the moisture content is, the larger the relative dielectric constant is, and thus the greater the capacitance is. On the contrary, the other components have little influence on the dielectric constant. Therefore, by measuring the capacitance of green sand the moisture content can be indirectly got. This is the basic principle of the capacitance method measuring the moisture content of green sand.
The capacitance moisture sensors have different construes according to the different casting condition. Fig.1 shows the structure of typical cylindrical capacitance moisture sensor. The green sand is stored in the cylindrical sand-hopper which is used for one electrode of the sensor, and anther electrode is inserted into green sand. After the capacitance between electrodes is measured, the moisture content can be calculated according to the achieved capacitance-moisture curve.
When the sensor is filled with green sand, the relationship between the capacitance and dielectric constant can be described as:
where, 0
 is the dielectric constant of vacuum, x  is the dielectric constant of the measured green sand, L is the effective length between the two electrodes, r is the radius of the inner electrode, and R is the radius of the outer electrode.
Therefore, the change of the capacitance C is proportional to the change of the dielectric constant of green sand x  when the sensor structure is fixed. If the alternating electric field is applied, by measuring the voltage between the two electrodes, the capacitance and thus the moisture content of green sand can be obtained. 
III. NONLINEARITY ANALYSIS OF MEASURING MOISTURE CONTENT BY CAPACITANCE METHOD

A. Theoretical Analysis
When the alternating electric field is applied to green sand, for the ideal sensor the voltage of green sand should be proportional to the current, and the volt-ampere characteristic wave is a straight line, and the corresponding impedance has nothing to do with the voltage. But in fact, due to the influence of many factors such as the drain conductance and the contact resistance on the capacitance, the relationship between the capacitance and the voltage is not strictly linear, and the impedance also decreases with the increase of the voltage. The causes of this nonlinearity will be analyzed as follows.
It is assumed that the instantaneous value of the applied voltage is u , then:
where, 0 C is the capacitance of the sensor when the voltage is very low, and 1 a , 2 a , 3 a ,… are the constants.
If the instantaneous voltage is u  , then:
Therefore, the relationship between the capacitance and the voltage can be written as:
If the alternating electric field is 
where, 0 U and 0  are the amplitude and frequency of the sinusoidal electric field, respectively.
The second order approximation is used, and the formula (5) can be simplified as: 
Therefore, the current of green sand sample is:
It indicates that when the sinusoidal excitation voltage 0 sin u U t   is applied, the third harmonic current 
the higher order approximation is adopted, the higher harmonics than five times can also be got. Therefore, the nonlinearity makes the current become non-sinusoidal, which will inevitably cause the error when the moisture content of green sand is measured.
B. Influence Factors
Although many factors can cause the nonlinearity of the capacitance moisture sensor, the following main factors will be discussed.
(1) The measured green sand sample. Green sand is a mixture containing water, and the water are polar molecules. Therefore, when the alternating electric field is applied, the dielectric polarization and energy loss occur and thus result in the nonlinearity of the capacitance moisture sensor. In addition, the other components having a polar molecule are involved in the dielectric polarization and energy loss, which will also cause the nonlinearity to some degree.
(2) The structure and manufacturing process. The edge effect will make the design and calculation complex, reduce the sensitivity of the sensor, and thus cause the nonlinearity [7] . In addition, the nonlinearity is probably caused by the contact resistance between the electrode and the leading wire, the parasitic capacitance of wire, and residual magnetic field of metallic materials and so on. Therefore, shortening the leading wire length and using the shielded cable can effectively reduce the influence of parasitic capacitance.
(3) Leakage resistance. The capacitive reactance of the capacitance sensor is very high, particularly when the excitation frequency is low. However, when the total leakage resistance is close to the capacitive reactance, it is necessary to consider the impact of the leakage resistance which will depress the sensitivity and thereby cause the nonlinearity.
(4) Environmental factors. It includes the space radiation interference, ambient temperature and humidity and so on. The temperature will severely affect the sensor. On one hand, the relative position of the various components of the capacitance sensor will change with the temperature, resulting in an additional temperature error; On other hand, the temperature have a significant effect on the dielectric constant of water. Therefore, the change of temperature will inevitably lead to the change of the capacitance. This is the reason that the capacitance moisture sensor must be corrected by the temperature.
IV. COMPENSATION METHOD AND EXPERIMENTAL VALIDATION
To compensate for the nonlinearity of capacitance moisture sensor, and make the input and output keep linear relation, the sensor is compensated by the inverse nonlinear correction method.
The basic principle of the inverse nonlinear correction method is shown in Fig.2 . A nonlinear corrector is added in the sensor system. Assuming that the input signal is   x t and the output signal is   u t , the nonlinear output relation is ( ) u f x  . After the nonlinear corrector is added, it is expected that the relation between the input and the output of system is linear, namely:
We can conclude that the nonlinear compensation can be achieved well if the nonlinear corrector has the output characteristics of the inverse function of the sensor. The least square method is used to establish the inverse nonlinear corrector [8] , and the basic principle is as follows. 
where,   i i
x u is the output of nonlinear corrector, m is the polynomial order, n is the number of data, and 0 1 , , , m a a a  are the coefficients that needed to be decided.
The selection of the polynomial order m must be conducive to reduce the residual error sum of squares of each measurement point, and the F-test method is used to determine the number of the polynomial order. Generally, with the increase of the fitting polynomial order, the fluctuation of the fitting curve increases, and the curve gradually approaches the measuring points, and thus the corresponding residual error sum of squares reduces. At 1 m n   the fitting curve will accurately pass through all measurement points while the curve can not perfectly reflect the relationship between x and y . Therefore we do not expect this situation appears. Usually, the selection of fitting polynomial order not only ensures the fitting curve is smooth, also embodies the intrinsic variation rule between the input and the output of the sensors. In addition, the floating-point arithmetic can be used to improve the accuracy of the fitting polynomial.
For simplicity, the fitting polynomial process is finished by Matlab, and the undetermined coefficients 0 1 , , , m a a a  can be automatically obtained. Table I shows the data between the moisture content of green sand x i (%)and output voltage of the sensor u i (V) when the capacitance is detected by the bridge circuit. i u is taken as the input of the nonlinear corrector and i x is taken as the output of the nonlinear corrector, the fitting polynomial with seven order can be got according to the least square method. After the nonlinear correction, the output characteristic wave of the sensor is shown in Fig.3 . It can be seen that the curve is linear. The relative error curve of corrected sensor shown in Fig.4 indicates the relative error is less than 2.0% in the whole range, which can meet the measurement requirements of the moisture content of green sand. The principle of measuring the moisture content of green sand by the capacitance method is introduced. The moisture content is measured according to the fact that the dielectric constant of green sand has the single-valued relationship with the moisture but without the other components. Based on these, the reason of causing the nonlinearity is theoretically analyzed, and the higher order harmonics are main causes. The influencing factors, including the measured green sand sample, sensor structure and manufacturing process, leakage resistance and environmental factors are discussed. Then, a nonlinear compensation method based on the least squares is given to reduce the influence of the nonlinearity. The experiments show that the capacitance moisture sensor can keep a good linear relationship between the input and the output and the error is less than 2.0%, which can meet the requirements of measuring the moisture content of green sand.
